Experimental and theoretical evidence is presented that cationic phase-transfer catalysts promote the homolytic decomposition of hydroperoxide initiators into radicals, this being a fundamental step in the catalysis of the oxidation of hydrocarbons by
Introduction
Appropriate phase-transfer catalysts1 (PTCs) are currently widely used for the solubilization of water-soluble inorganic reagents in non-polar organic solvents, since the ion-pair complexes formed during the dissolution may serve as excellent catalysts for the oxidation of hydrocarbons by It was rec-O 2 . ognized Ðrst by Bredereck et al.2 that the autoxidation of certain organic materials can be accelerated by quaternary ammonium salts. Some years later, systematic investigations by Fukui et al.3 led to the conclusion that the oxidation of hydrocarbons (p-xylene, cumene, etc.) can be accelerated not only by ammonium salts, but also by other onium salts, such as sulfonium, phosphonium, selenonium, arsonium and telluronium salts. They attributed such catalysis to the activation of by an interaction with the vacant d-orbitals of the O 2 central sulfur, phosphorus, selenium, etc., atoms. Ohkubo et al. 4 later proposed that the oxidation of hydrocarbons may also be induced by radicals produced during the onium ionpromoted decomposition of hydroperoxide present. The idea of hydroperoxide decomposition was embraced by van Tilborg5 when he rejected the activation concept as being O 2 inadequately supported by spectral observations.
We have also advocated the latter idea (although, similarly to earlier authors, without presenting experimental evidence) by emphasizing6 that the O atoms of the peroxo group in the hydroperoxides (unlike those in hydrogen peroxide) are not equivalent : the inner O atom (attached to the hydrocarbon radical) is nucleophilic, whereas the outer one (attached to H) is electrophilic. It is therefore to be expected that the positively charged onium ion (Q`) will probably attack at the nucleophilic inner O atom, while the outer O atom interacts with water [see Scheme 1(iii)] : it has been observed that the oxidation of hydrocarbons is inÑuenced by the presence of water. This postulate, however, has not been checked experimentally to date. In this work, an attempt was made to support this working hypothesis with experimental Ðndings and theoretical considerations. Further, an explanation is sought for the long-observed fact that the catalytic activities of cationic PTCs depend on the nature of the counteranions in the onium salts.
Experimental
The phase-transfer reagents and t-BHP were Fluka products and were used without any puriÐcation. Chlorobenzene was applied as a non-polar solvent. Its puriÐcation has been described. 7 The investigation of the e †ects of the counteranions on the decomposition of the initiator t-BHP was carried out in the dark in a thermostated magnetically stirred batch reactor (Ðtted with a reÑux condenser cooled with water to 10 ¡C)8 supplied with a septum and with a Young stopcock. Appropriate quantities of t-BHP and onium salt as catalyst were dissolved in 8.00 cm3 of chlorobenzene and added to the reactor. After removal of traces of by bubbling the O 2 N 2 , reaction vessel was connected to a thermostat pre-heated to 70 ¡C. After a warm-up period of exactly 3 min, recording of the gaseous product evolved was started with the aid of a syringe gas buret. The gas measuring device automatically maintained the inside pressure at the atmospheric value. After a reaction time of 120 min, the stopcock was closed and the reaction vessel was cooled Ðrst to 6È8 ¡C and then to liquid nitrogen temperature. When the reaction mixture was frozen, a 5.00 cm3 gas sample was taken with a pressure-lok syringe ; after thawing, the concentration of t-BHP remaining in the solution was determined by iodimetry. 2 sure was next reduced to 5È10 Torr, the previously taken 5.00 cm3 gas sample was introduced through the septum and O 2 was absorbed quantitatively by thorough stirring and agitation for 30 min. A 15 cm3 volume of 20% hydrochloric acid was then added to dissolve the hydroxide precipitate, about 1 g of KI was added and the liberated iodine was titrated with thiosulfate reagent solution.
The other products of decomposition were analysed by gas chromatography on a column (2 m ] 4 mm id) Ðlled with Chromosorb W-AW-DMCS coated with Carbowax 20M with as carrier gas at 40 cm3 min~1, Ñame ionization detection N 2 and identiÐcation with the aid of authentic samples. For control, MS-10 and QMS 200 mass spectrometers were applied.
Results and discussion E †ect of water
It was observed earlier6,8 that water exerts a catalytic inÑu-ence on the oxidation of hydrocarbons in the presence of onium salts. It seemed reasonable, therefore, to investigate whether the decomposition of t-BHP catalysed by onium salts is similarly inÑuenced by the presence of water. The data in Table 1 show that the decomposition of t-BHP in the presence of a cationic phase-transfer reagent is enhanced by the addition of water up to a given quantity ; but at higher water concentrations the rate of the decomposition decreases. This observation allows the conclusion that water contributes to the catalyzed decomposition of the initiator. Table 2 presents data relating to the decomposition of t-BHP. In the absence of onium salts, only a very slight decomposition can be observed at 70 ¡C during 120 min, and a small amount of gaseous product (gp) is formed with the stoichiometry *[t-BHP]/*[gp] \ 2. The same stoichiometry was found when di †erent cationic phase-transfer reagents were applied with di †erent counteranions, with the exception of iodide. The catalytic activities of the onium salts di †ered and depended on the nature of the counteranion. For tetrabutylammonium cation, for instance, the sequence of efficiency was Br~[ whereas for the tetra-
E †ects of counteranions on the decomposition of t-BHP
The sequence of catalytic efficiencies of di †erent quaternary ammonium ions, all with chloride counteranion, was Hex
The gaseous product of the catalyzed decomposition of t-BHP overwhelmingly contained in each case, indepen-O 2 dently of the nature of the counteranion. The decomposition products which remained dissolved in the chlorobenzene solution were determined by gas chromatography.
In the presence of 0.120 mmol of during 280 min, Hex 4 NCl the decomposition of 2.108 mmol of t-BHP in 8.00 cm3 of chlorobenzene produced 0.687 mmol of which corre-O 2 , sponds to 1.374 mmol of t-BHP ; *[t-BHP] was found to be 1.376 mmol. Additionally, 1.329 mmol of tert-butanol (96.6%) and 0.0406 mmol di-tert-butyl peroxide (5.9%) were found by gas chromatography. These data indicate that only tert-O 2 , butanol and some di-tert-butyl peroxide are formed during the decomposition.
In the case of as catalyst under similar conditions, Hex 4 NBr 0.851 mmol of t-BHP was decomposed and produced 0.424 mmol of (which is equivalent to 0.848 mmol of t-BHP). O 2 Moreover, 0.795 mmol of tert-butanol (93.4%) and 0.0275 mmol of di-tert-butyl peroxide (6.4%) were found, which is in good harmony with the stoichiometric factors given in Table  2 .
E †ects of onium iodides
When the decomposition of t-BHP was carried out as described in the Experimental section with as cataHex 4 NI lyst, di †erent results were obtained (Table 3 ). Rapid decomposition was observed, but only a little gaseous product was obtained, and the value of the stoichiometric factor was consequently well in excess of 2. The reason for this can be understood by considering the data from those measurements in which the quantity of catalyst was altered. These indicate that the decomposition is too fast relative to the resolving ability of the gas measuring device used. When the catalyst was added to the closed reactor without waiting 3 min for warming up, during which the stopcock of the reactor was open to the atmosphere, the decomposition took place with a stoichiometric factor of 2. The volume increments caused by the temperature increase were taken into consideration.
In the presence of 0.120 mmol of as catalyst during Hex 4 NI 120 min, 2.045 mmol of t-BHP were decomposed (out of 2.108 mmol) and this furnished 1.022 mmol of (equivalent to O 2 2.044 mmol of t-BHP, 99.9%) and 1.831 mmol of tert-butanol (89.5%) and 0.108 mmol of di-tert-butyl peroxide (10.6%). It may therefore be concluded that the decomposition of t-BHP is catalyzed analogously by all cationic PTCs, independently of the nature of the counteranions, although the decompositions rates di †er considerably. All these interactions produce tert-butanol and some di-tert-butyl peroxide as the main O 2 , products. Mass spectrometry furnished similar results, but also indicated the formation of traces of CO 2 . Limited decomposition of t-BHP can be induced by the presence of NaI as well as by again with a stoichioMe 4 NI, metric factor of 2. Interestingly, proved to be a very Me 4 NI poor catalyst in comparison with the other quaternary ammonium ions containing longer aliphatic chains.
Since a small quantity of iodine was formed on mixing during the application of onium iodides (except for the sparingly soluble the inÑuence of iodine was also investiMe 4 NI !), gated separately. In the lower half of Table 3 , in addition to 0.120 mmol of (X \ Cl~, Br~or I~), 0.019 or 0.118 Hex 4 NX mmol of iodine was also applied in the samples. The iodine was homogeneously dissolved with a reddish violet color in chlorobenzene. In the presence of iodine, the rate of t-BHP decomposition catalyzed by chloride and bromide salts was enhanced, and larger amounts of gaseous products were formed, but the ratio *[t-BHP]/*[gaseous product] remained unchanged at 2.
In the presence of the iodide salt, however, di †erent behavior was observed. At 0.008 mmol the decomposition Hex 4 NI, of t-BHP took place almost quantitatively in 10È15 min, with a stoichiometric factor of 2. When both iodide salt and iodine were applied, the rate of decomposition of t-BHP was reduced considerably, presumably because of the transformation of iodide ion into triiodide. The presence of iodine alone has no inÑuence on the decomposition of t-BHP (see the data in Table 3 ). This situation is just the opposite to that found for onium chloride and bromide. The rate-increasing e †ect of iodine in the cases of the chloride and bromide salts, however, cannot be explained by the formation of the corresponding trihalides, since there are great di †erences between the formation constants : the values10 for and in I ably higher values may serve as the basis of the explanation of the rate increase observed in the cases of the onium chloride and bromide. Because of the lack of the necessary information, earlier explanations made use of data determined in aqueous media, although it is well known that the transition from water to a non-aqueous solvent is commonly attended by an increase of several orders of magnitude in the stability constants of polyhalide ions. The stability constants in chlorobenzene as solvent are not yet available, and it must be Table 4 Computed bond distances (pm) in the assumed arrangements (Scheme 1) emphasized, therefore, that the above explanations may indicate only the tendency of the changes.
As concerns the role of onium salts containing counteranions other than halides, all of them result in decomposition of the hydroperoxide initiator with di †erent degrees of efficiency, but always with the same stoichiometric factor of 2. We therefore believe that the interaction between the hydroperoxide and the onium cation is electrostatic in nature and that the rate of decomposition depends on the e †ective charge density on the quaternary cation, which is controlled by the nature (electronegativity) and the size and polarizability of the counteranion. For orientation, the ionic radius, polarizability and dimension data10 are 181 pm and 3.475
for
The pyrolysis of t-BHP was long ago investigated by Milas and Surgenor,11 who found that it is decomposed into and O 2 tert-butyl alcohol at 95È100 ¡C, while methanol, acetone, tertbutyl alcohol, formaldehyde and water are formed at 250 ¡C. The pyrolysis of di-tert-butyl peroxide produces only acetone and ethane at 200, 250 and 300 ¡C. A free radical mechanism was proposed by those authors to explain the thermal decompositions of both t-BHP and di-tert-butyl peroxide.
Since a free radical mechanism was earlier assumed to explain the pyrolysis of t-BHP, an EPR method was now used to collect information on the possible mechanism of the decomposition of t-BHP catalysed by onium salts. With the aid of an N-tert-butyl-a-phenylnitrone spin trap, we were able to detect the formation of two types of free radicals at room temperature in the reaction mixtures containing about 0.8 mmol of t-BHP and 0.06 mmol of (where X \ Cl~, Hex 4 NX Br~and I~) in 2 cm3 of chlorobenzene.
Theoretical considerations
For modeling of the assumed activation process, the PM3 routine12 included in the Hyperchem package13 was used. The Fig. 1 The minimum structure for arrangement (iii). The larger unmarked atom is carbon and the smaller one is hydrogen. compounds assumed to participate in the radical-producing processes, such as the onium ion, t-BHP and water, were placed in the vicinity of each other, enforcing close contact. Four arrangements were investigated [see (i)È(iv) in Scheme 1] as the basis of comparison : (i) the onium ion is positioned in the vicinity of the inner, nucleophilic O atom and the water molecule is close to the outer O atom of the hydroperoxide molecule, (ii) the positions are just the opposite of those in (i), i.e., the water molecule is close to the inner O atom, while the onium ion is in the vicinity of the outer O atom. Arrangements (iii) and (iv) were analogous to those in (i) and (ii), except that in these cases the counteranion was also placed in the vicinity of the onium ion. After the initial geometries had been prepared, the compounds were optimized together. At convergence, the gradient norms were always less than 0.1 and the force matrices were found to be positive deÐnites, verifying that minima were found. After minimization, the distances between certain non-hydrogen atoms were determined. They were taken as hydrogen bonds when the distance between the heavy atoms fell within the sum of their van der Waals radii compiled by Bondi14 and the angle deÐned by the two heavy atoms and hydrogen (donor atomÈH-acceptor atom) was additionally larger than 90¡. This double criterion was suggested recently. 15 In the Ðnal, minimum arrangements, the OÈO bond length in the peroxide was also measured.
In considering the experimentally studied systems, the t-BHP, and system will be described. After Hex 4 N`Cl~H 2 O optimization of these components together, with (i) and (ii) taken as the initial arrangements, the minimum structures possessed the following geometric properties. The HOHÉ É ÉO(H)ÈO(R) distance was 209 pm in arrangement (i) and the HOHÉ É ÉO(R)ÈO(H) distance was 309 pm [obtained from initial arrangement (ii)]. The former is well within the sum of the van der Waals radii of the oxygens (304 pm), and the second is just outside this limit. The relevant angles in both cases were larger than 90¡. It is therefore, safe to say that the water is attached to t-BHP through short (strong) hydrogen bonds (165 pm, 102 pm) in the minimum structure corresponding to arrangement (i), while only weak contacts exist in arrangement (ii) (HOHÉ É ÉO(R)ÈOH distances of 270 and 293 pm. In these structures, the OÈO bond distances in the peroxide were 146 pm [arrangement (i)] and 151 pm [arrangement (ii)]. The OÈO bond distance in isolated t-BHP was 152 pm after full geometry optimization. A comparison of these data reveals that stabilization of the OÈO bond rather than its activation took place in the optimized agglomerates.
When the chloride counteranion was included in the optimization, the situation changed considerably. Minimum structures corresponding to arrangements (iii) and (iv) were also computed. It emerged that the molecule was no longer H 2 O H-bonded to either of the peroxide O atoms in either of these structures. The OÈO bond in the peroxide became longer (149 pm) in the agglomerate corresponding to arrangement (iv) than in the structure corresponding to arrangement (ii). However, it was still shorter than that in isolated t-BHP (152 pm). Although this elongation of the OÈO bond was prom-ising, it was still not sufficient to allow the claim that the activated intermediate had been found. However, when chloride was included in the structure corresponding to arrangement (i), the length of the OÈO bond increased considerably (iii). It became 157 pm, which is signiÐcantly longer than that in the isolated molecule. The results of the optimizations are compiled in Table 4 , and the minimum structure for (iii) is depicted in Fig. 1 .
Since optimization was performed within the same framework (the same molecules and ions, and the same method), the observed di †erence is much larger than it should be owing to the unambiguity of the semiempirical method. Accordingly, it may be claimed that the minimum structure (iii), in which the OÈO bond was found to be longer than that in the isolated molecule, can be regarded as a possible activated complex in the catalyzed decomposition of the initiator hydroperoxide.
Conclusions
Although there were considerable di †erences in the rates of the catalysed decomposition of the initiator t-BHP, it was found that the investigated cationic PTCs all accelerate the oxidation of hydrocarbons by This could serve as further O 2 . evidence that the decompositions of t-BHP catalyzed by different onium salts are indeed radical processes. It seems probable that homolysis of the hydroperoxide is promoted by the interaction with the onium salt and with a water molecule, the radicals thus formed initiating the oxidation of hydrocarbon present. We consider the interaction between the hydroperoxide and the onium cation to be electrostatic in nature and to depend on the e †ective charge density on the quaternary cation, which is controlled by the nature and size of the counteranion.
